Fusarium yellows of sugarbeet (Beta vulgaris), caused by Fusarium oxysporum f. sp. betae, can lead to a significant reduction in root yield, sucrose percentage, and juice purity. Fusarium yellows has become increasingly common in both Michigan and Minnesota sugarbeet production areas, and although genetic resistance provides some control, growers have reported failures when resistant varieties are grown in different parts of the country, potentially due to the variability of local F. oxysporum populations. Previous research has demonstrated that the F. oxysporum population collected from symptomatic sugarbeet can be highly variable in pathogenicity but that this is not solely due to the wide geographic distribution of sugarbeet production. F. oxysporum isolates were collected from symptomatic sugarbeet throughout the production region of Michigan and Minnesota and were characterized utilizing pathogenicity and phylogenetic analyses. The F. oxysporum population from Michigan and Minnesota was found to be inconsistent in pathogenicity to sugarbeet and was polyphyletic. Therefore, the population from Michigan and Minnesota could not be classified into distinct races, but rather was described adequately by three previously reported phylogenetic clades.
scribed spacer (ITS) region of the rRNA 5.8S gene (White et al., 1990) , to characterize a set of F. oxysporum isolates collected from sugarbeet. The authors found that genetic relatedness of F. oxysporum isolates collected from sugarbeet did not correlate with pathogenicity, preventing them from reliably identifying pathogenic F. oxysporum f. sp. betae isolates from non-pathogenic isolates. Additionally, they found that genetic variation within F. oxysporum f. sp. betae was organized loosely into multiple clades, very generally based on production region (Hill et al., 2011) . However, few F. oxysporum isolates from Michigan and Minnesota production regions were included in this work. It is unknown how the diversity of F. oxysporum f. sp. betae isolates from this region with increasing instances of Fusarium yellows, compares with pathogen populations in other regions of sugarbeet production.
Studies with another Fusarium species complex, F. solani, have highlighted the advantage of developing multi-locus DNA sequencing schemes to characterize pathogen diversity (O'Donnell et al., 2008; Balmas et al., 2010) . In addition to the ß-tubulin, TEF-1a, and ITS; genomic sequences from mitochondrial rDNA (mtSSU) and Histone 3 genes (H3) have been reported to be effective in characterizing F. oxysporum isolates by pathogenicity for several other formae speciales Baayen et al., 2000) . Previous work has shown that the ITS gene sequence, while useful in characterizing other Fusarium spp., is ineffective for characterizing the F. oxysporum species complex Baayen et al., 2000; Hill et al., 2011) , therefore we did not use this locus in our studies. In this work, we utilized ß-tubulin, mtSSU , and H3 gene sequences to characterize a population of F. oxysporum isolated from symptomatic sugarbeets from Michigan and Minnesota and associate their genetic variation with a previously described population of F. oxysporum f. sp. betae.
MATERIALS AND METHODS

Isolates
Twenty nine isolates of F. oxysporum were used in this study. All isolates were collected originally from symptomatic sugarbeet, singlespored or hyphal-tipped, and stored with proper maintenance, either in the Sugar Beet Research Unit culture collection located at Ft. Collins, CO, or the Sugarbeet and Bean Research Unit culture collection located at East Lansing, MI. Isolates are maintained in culture collections either as filter paper stocks, silica gel stocks, or lyophilized culture stocks, using accepted protocols and appropriately maintained as described by Leslie and Summerell (2006) (Table 1) . Fourteen of the 29 isolates were previously described in Hill et al. (2011) and were used here to anchor our results to previously reported results (Table 1) . Working cultures of all isolates used for this study, were maintained on potato dextrose agar plates (PDA; Becton, Dickinson and Co.) at room temperature, and transferred only 2-3 times to maintain viability of isolates, using established protocols as described by Leslie and Summerell (2006) . One F. avenaceum isolate (F20), that is moderately virulent to sugarbeet, was used as an outgroup for building phylogenetic trees.
Pathogenicity Testing
Pathogenicity had been determined on some of the isolates previously (Hill et al., 2011) , using the same described protocol, and therefore, were not repeated.
Isolates that had undetermined pathogenicity, were tested at USDA-ARS facilities in either Fort Collins, CO or East Lansing, MI (Table 1) . A susceptible sugarbeet cultivar 'FC716' (Panella et al., 1995) was grown in a greenhouse at approximately 28°C and 16 h daylight, as previously described (Hanson and Hill, 2004) . Six weeks after sowing, plants were gently removed from the soil, rinsed under running tap water, and placed in a conidial spore suspension (~1X10 5 CFU per mL) prepared as described by Hanson and Hill (2004) for 8 min with intermittent agitation. Control sugarbeet roots were placed in sterile distilled water. Two pathogenic F. oxysporum f. sp. betae isolates (F19 and Fob220a) were included during all pathogenicity testing as positive controls. Five to 10 individual beets per isolate were then replanted into 10 cm x 25 cm cone-tainers (Steuwe and Sons, Inc.) containing premoistened, pasteurized potting mix (Farfard #2-SV, American Clay Works). Plants were then placed back into a greenhouse, in a randomized complete block design for 2 days at approximately 22°C to reduce transplant shock, after which temperatures were raised to 28°C with 16 h of daylight for the remainder of the incubation period. Isolates were tested for pathogenicity by repeating the experiment twice. Plants were rated weekly for Fusarium yellows symptoms for 6 weeks after inoculation using a 0 to 5 rating scale as described by . A rating of 0 = no disease; 1 = leaves wilted, small chlorotic areas on lower leaves, most of leaf green; 2 = leaves showing interveinal yellowing; 3 = leaves have small areas of necrosis or becoming necrotic and dying, less than half of the leaves affected; 4 = more than half of leaves dead, plant stunted, most living leaves showing symptoms; 5 = plant death. Pathogenicity was determined using the most severe disease rating, which occurred on the sixth week after inoculation. Isolates with a mean rating at the sixth week of 2 or above were considered to be pathogenic (Ruppel, 1991) .
DNA Isolation
Isolates were grown in 50 mL potato dextrose broth (PDB; Becton, Dickinson and Co.) by inoculating with a 7 mm diameter mycelia plug. Cultures were grown in the dark for 5 days at 25°C on a rotary (2011) ¶ † Those isolates with an average disease severity rating of greater than 2 are considered to be pathogenic (P); isolates with an average disease severity rating less than 2 are non-pathogenic (NP) (Ruppel, 1991) ; isolates that were tested during multiple experiments are indicated with multiple pathogenicity designations; bold indicates isolates that had discrepancies in pathogenicity testing. ‡ Source (or the location/researcher) that performed pathogenicity testing; USDA-ARS, Ft. Collins, CO (Kimberly Webb), USDA-ARS, East Lansing, MI (Linda Hanson), or previously reported in Hill et al (2011) at USDA-ARS, Ft. Collins, CO. § Indicates single F. avenaceum isolate that was included as an out-group to anchor phylogenetic trees.
¶ Indicates isolates previously reported in Hill et al (2011) and included to root our results to published phylogenetic trees. Table 2 . Primer sequences and melting temperatures (TM) for polymerase chain reactions.
Gene
Forward Primer (5'-3') Reverse Primer (5'-3') Reference TM shaker at 100 rpm. Mycelia masses were collected by filtering through sterile cheese cloth, rinsed with de-ionized water, and then lyophilized at -50°C for 48 h. Lyophilized tissue was ground into a fine powder using a spatula, and DNA extracted using the Invitrogen Easy-DNA extraction kit (Carlsbad, CA) utilizing the protocol for small amounts of plant tissues.
DNA Amplification and Sequencing
Primers for PCR amplification of TEF1-a, ß-tubulin, mtSSU, and H3 were used as previously described (Table 2) , as were corresponding PCR conditions (O'Donnell et al., 1998; Koenraadt et al., 1992; White et al., 1990; Glass and Donaldson, 1995) . Fermentas brand (Glen Burnie, MD) Taq polymerase was used for all PCR amplifications. Briefly, one cycle of 94°C for 2 min followed by 32 cycles of 94°C for 45 sec, gene specific target melting temperatures (Tm) ( Table 2) for 45 sec, and an extension cycle of 72°C for 1 min, followed by final extension cycle of 72°C for 5 min. PCR products were held at 4°C until they could be removed from a Mastercyler gradient thermo cycler (Eppendorf, Hamburg, Germany). All reactions were repeated at least twice. PCR amplicons were visualized on a 1.5% agarose gel and purified using either the Epoch Genecatch PCR Clean up kit (Sugarland, TX) or extracted from the agarose gels and purified using the Epoch Genecatch Gel Extraction Clean up kit (Sugarland, TX). Products were sequenced in both directions by Eurofins, MWG/Operon (Huntsville, AL).
Phylogenetic Analysis
Gene sequences from the amplified PCR products for each gene (TEF1-a, ß-tubulin, mtSSU, and H3), were manually edited using Sequencher v. 4.1 (Gene Codes Corp). ClustalX v 1.83 (Thompson et al., 1997) was used to align sequences from all isolates for each gene. An individual data set was generated for each gene using the sequence data from all isolates for that gene. Parsimony bootstrap analysis was carried out in PAUP 4.0b10 (Swofford, 1999) with 1000 random stepwise replicates, the tree-bisection-reconnection branchswapping procedure, and MULTREES off (Debry and Olmstead, 2000) for each gene data set. F. avenaceum isolate F20 was used as an outgroup to anchor all trees. Ambiguously aligned flanking sequences were not included in phylogenetic analyses. To determine the ability to combine the four individual gene datasets, parsimony analysis utilizing a partition-homogeneity test (Farris et al., 1995; Hill et al., 2011) was implemented using PAUP, with 1000 homogeneity replicates and MAXTREES set to 1000. Additionally, Bayesian MCMC phylogenetic analysis using MrBayes 3.0 (Ronquist and Huelsenbeck, 2003) was used to assess the combined data set and compare with the parsimony analysis. The General Time Reversible (GTR) model (Felsenstein, 2004 ) was used and a proportion of invari-able sites and a gamma-shaped distribution of rates across sites utilizing two simultaneous chains of 1.5 x 10 7 generations and a sample frequency of 300, for a total of 50000 sample trees, were used as parameters from each chain replicate. The same parameters were applied for all four data partitions.
RESULTS AND DISCUSSION
F. oxysporum pathogenicity to sugarbeet
Of the 29 F. oxysporum isolates included in this study, 10 were considered to be pathogenic and either highly virulent or moderately virulent to sugarbeet (34%; Table 1 ). Only two of the isolates from Michigan or Minnesota were considered to be at least moderately virulent to sugarbeet (Table 1) . A mean disease severity rating of 2, where plants are starting to show distinct Fusarium yellows symptoms (i.e. leaves showing interveinal yellowing) indicates that the inoculated isolate is capable of eliciting a pathogenic response in the host (Ruppel, 1991; Hanson and Hill, 2004) . Therefore, isolates that had a mean disease severity rating of 2 or above were considered to be pathogenic to sugarbeet. To characterize virulence, pathogenic isolates with a rating of 2-3 are considered as moderately virulent and those with a rating of greater than 3-5 are highly virulent (Hanson and Hill, 2004) . Many F. oxysporum f. sp. betae isolates with moderate or low virulence to sugarbeet have been reported to give variable disease severity ratings, which are not always significantly different from negative controls (water and/or uninoculated) over repeated experiments (Hanson and Hill, 2004; Hill et al., 2011) . This is particularly evident when testing isolates in multiple locations, as we found here, where there may be environmental differences in growing and testing conditions (Stewart, 1931; Martyn et al., 1989; Ruppel, 1991; Hanson and Hill, 2004; Hill et al., 2011) . In this study, there were two isolates (F08-10 and F08-13; Table 1 ) that had a discrepancy in pathogenicity at the two testing locations (Fort. Collins, CO and East Lansing, MI). Both of these isolates had disease severity ratings that ranged from 1.1 to 2.0 indicating that they may be moderately virulent isolates under appropriate testing conditions (Table 1) . Experimental factors such as environment, soil medium or conditions, and plant growing conditions as well as the inherent variability of F. oxysporum f. sp. betae, can complicate the characterization of virulence and aggressiveness, and the determination of pathogenicity between laboratories. Additional studies to standardize environmental and testing factors, which influence F. oxysporum f. sp. betae virulence or Fusarium yellows symptom development should be undertaken to minimize these discrepancies, and used to develop a standard protocol for determining pathogenicity. Ruppel (1991) reported that ~40% of F. oxysporum that were iso-lated from symptomatic sugarbeet were indeed "pathogens" of the host. Hanson and Hill (2004) reported a slightly lower rate of recoverable pathogenic F. oxysporum isolates collected from symptomatic sugarbeet over the entire United States production region. Hanson and Hill (2004) also reported that ~55% of their pathogenic F. oxysporum isolates were considered highly virulent, and 44% moderately virulent. We found only 14% of the Michigan/Minnesota isolates tested in this study were pathogenic. Based on previous reports, we did not find that pathogenic F. oxysporum isolates from Michigan/Minnesota were being recovered at a higher rate and did not seem more virulent than those found in other sugarbeet production regions. This does not indicate that the F. oxysporum population in Michigan and Minnesota, which is displaying an increasing incidence of Fusarium yellows, is unique from other production regions. However, a more complete sampling of symptomatic sugarbeet from known infected fields may indicate an increased level of virulence and should be considered in the future.
Phylogenetic analysis of a set of F. oxysporum from symptomatic sugarbeet Phylogenetic trees utilizing individual datasets for H3 or mtSSU gene sequences, did not provide any additional resolution of genetic relatedness of F. oxysporum isolates from sugarbeet, than presented by Hill et al. (2011) utilizing ITS, TEF1-a, or ß-tubulin (Fig. 1a-d) . Each of the four gene trees identified the same putative primary groups (clades A-C) reported by Hill et al. (2011) . TEF1-a resulted in the highest resolution among isolates, whereas mtSSU, ß-tubulin, and finally H3, had decreasingly less resolution. Of the four datasets, H3, with the least resolution, indicated evidence of discordant groupings, particularly for some isolates. For example, Fo37 and F174, were found to group into clade C using H3 but were grouped within clade B using TEF1-a , ß-tubulin, and mtSSU (Fig1a-d) . This incongruence is widespread among many fungi (Martin et al., 1999; Pantou et al., 2003; Mbofung et al., 2007) . Previous research has shown that some isolates of F. oxysporum within the species complex, can have conflicting relationships depending on the gene being analyzed (O'-Donnell et al., 2009) . O'Donnell et al (2009) speculated that some of this discordance may have resulted from either gene duplication with subsequent divergence or via horizontal gene transfer and/or introgressive hybridization events. One possibility is that F. oxysporum isolates obtained from sugarbeet may similarly contain members that have genetic contributions from more than one source. However, it is also possible that the discordance is due to other factors, such as variable numbers of sub-repeats or divergence of gene (O'Donnell, 2009) . Future studies are needed to characterize the source of the discordant signal from the H3 gene complex.
Assessment of the congruency of parsimony consensus indices, Isolates labeled with * have conflicting clade assignments when analyzed using H3 relative to the clade designations when analyzed using other reference genes.
using the partition-homogeneity test, (P=0.001) indicated that the TEF-1a, ß-tubulin, H3 and MtSSU consensus indices of the combined data sets are significantly heterogeneous and therefore could not be combined using parsimony bootstrap analysis. One explanation for this is the discordant groupings of some of the isolates within clade B (Fo37 and F174) of the H3 dataset (Fig. 1c) . Bayesian analysis therefore was used to analyze each gene as a separate data partition using the GTR model because this analysis does not require homogeneity of gene partitions. With this analysis, the three primary clades (A-C) again were supported (Fig. 2) . The consensus analysis utilizing all four genes, does not suggest a link with pathogenicity to sugarbeet nor to geographic region, supporting the findings of Hill et al. (2011; Fig. 2 Hill et al (2011) . While most of the Michigan and Minnesota isolates from this study grouped into clade C, several isolates from Minnesota fell into clade A, which primarily contains isolates from Oregon, and clade B (Fig. 2) . The continued inability to resolve pathogenic from non-pathogenic isolates, supports the conclusion that pathogenic F. oxysporum f. sp. betae isolates more likely evolved independently, multiple times. However due to the difficulty with assigning pathogenicity to some isolates (i.e. weakly virulent) and the influence of testing conditions and/or environment, it is possible that a genotype by environment interaction may be confounding phylogenetic associations. Correll (1991) hypothesized that endophytic, but non-pathogenic populations, of F. oxysporum may occur in a population. He speculates that this "basal" population would have a higher degree of diversity with many mutations towards virulence occurring among independent isolates. If such mutations occurred when an isolate was in close proximity to a susceptible host (i.e. the high sucrose environment of a sugar beet root), or under the correct environmental conditions, then this isolate could become pathogenic, favoring a more "opportunistic" pathogen population. It is clear that isolates with borderline pathogenic relationships require further study, particularly to characterize how environment (including host genotype) influences the F. oxysporum f. sp. betae population.
Because one gene dataset was not more informative than another in describing the F. oxysporum population from sugarbeet (Hill et al 2011, this work) , we recommend use of only a single dataset (TEF1a) for future studies. TEF-1a was chosen because it contains a high level of nucleotide diversity within the F. oxysporum species complex (O'Donnell et al., 1998; Baayen et al., 2000; O'Donnell et al., 2009) and is currently the primary dataset that is being used by the F. oxysporum research community for diagnostic identification to species, as well as phylogenetic analysis of the species complex (Geiser et al., 2004; Lievens et al., 2008) . Utilizing only TEF-1a, we have built a phylogenetic tree, incorporating the published work of Hill et al (2011) with the findings reported here to show the diversity of the F. oxyporum population from sugarbeet (Fig. 3) .
In sugarbeet, genetic resistance is the primary method of controlling Fusarium yellows ) however, variability in the effectiveness of this resistance has been shown (MacDonald, 1975; Ruppel, 1991; ). Due to the morphological, genetic, and phenotypic variability of F. oxysporum f. sp. betae, it is important that breeding programs screen with pathogenic isolates that represent the diversity found in the production re- Fig. 3 . Parsimony bootstrap analysis of the TEF1-a gene for the F. oxysporum population isolated from sugarbeet including those previously reported by Hill et al. (2011) . Isolates in bold indicate new data being added from this work. Only branches with bootstrap scores of 50% or higher are shown. F. avenaceum isolate (F20) was used as an out group for each phylogram. Pathogenicity and geographic origin for each isolate are shown. (NP) Non-pathogenic (P) Pathogenic (ND) Not-determined.
gion of interest. For example, varieties for commercial production in Michigan and Minnesota should be screened with isolates that fall within clade C, but the addition of representative isolates from clade A is also recommended. Utilizing only a single gene (TEF-1a) the sugarbeet research community can continue to characterize the diversity of the F. oxysporum f. sp. betae population, and carefully select representative isolates for germplasm screening and cultivar deployment in the future.
